Abstract--Spherical kaolinite has been synthesized for the first time from noncrystalline aluminosilicate material in hydrothermal experiments conducted between 150 ~ and 250~ and under autogenous vapor pressure. Sphernles, whose mean diameters depended on growth conditions (0.1-0.6 urn), were formed surrounding the noncrystalline aluminosilicate in all products of 150 ~ and 200*(2 runs and coexisted with platy or lath-shaped kaolinite in the products of 250~ runs. The estimated percentages of spherules in the products increased from about 1% in the 150~ days product to about 74% in 200~ days product, and decreased from about 21% in 250~ days product to 0% in 250~ days product. Lattice images by high-resolution electron microscol~e indicated that the spherules consisted of nearly concentric stackings of layers with a unit spacing of 7A, which were sectored by radiating boundaries. The mean chemical composition of the spherules (A1203/SiO 2 = 0.58) analyzed by the analytical electron microscope is similar to that of kaolinite (Al~O3/SiOz = 0.5). Even in the case of the product abundant in spherule (200~ days), X-ray powder diffraction patterns of the wetted products, e.g., of the 200~ day run, showed the 7.14-~ (001) reflection of kaolinite. The 020 reflection was broad, indicating the existence of abundant (001) layer displacements. The b axis (8.94 ,~) were within the kaolinite range (8.93-8.94 ~,). No infrared absorption peaks were observed at 3550 cm -~ which would correspond to halloysite. The differential thermal analysis slope ratios of the endothermic peak at about 550~ (1.4-2.3) were in the kaolinite range (0.78-2.39).
INTRODUCTION
Kaolinite and halloysite I are common members of the kaolin group of 1:1 dioctahedral phyllosilicates. Allophane also can be treated as a mineral related to this group. Ideal chemical compositions and basal spacings of these minerals are A12Si2Os(OH)4-2H20 and a 10-/~ spacing for halloysite(l 0~,), A12Si205 (OH)4 and a 7.2-~ spacing for both halloysite(7A) and kaolinite, and Al2_4SizOs(OH)n' mH20 and noncrystalline diffraction for allophane. The species are also distinguished by their distinctive morphologies, i.e., tubes or spheres for halloysite(10,~), polygonized tube or polygonized spheres for haolloysite(7A), plates for kaolinite, and minute spheres about 50 ,~ in diameter for allophane. Spherules with kaolinite composition and 7-~ basal spacing have not previously been found or synthesized. Although tubular halloysite(l 0/~) has been synthesized in the laboratory (Parham, 1969) , the synthesis of spherical halloysite has not been reported.
Spherical aluminosilicate minerals, which were either described as noncrystalline or not characterized, have been synthesized by several investigators (DeKimpe et al., 1964; Trichet, 1969; Rodrique et aL, 1972) .
Inasmuch as morphological aspects are of fundamental importance to the mineralogy of the kaolin group, it is worthwhile to prepare these materials experimentally so that their origin and conditions of formation in nature may be understood. In the course of our investigations of clay mineral formation, we have synthesized for the first time a kaolinite with spherical morphology. In this paper, the growth conditions and mineralogical properties of this material are discussed.
EXPERIMENTAL

Starting materials
A mixed sol of colloidal silica (Snowtex-O) 2 and alumina (Aluminasol-200) 2 was prepared in a molar ratio of A1203/SIO2 = 0.5. The sol was spray-dried to form
The 1975 AIPEA Nomenclature Committee recommended the term halloysite(10~) for halloysite with the basal spacing of 10/k and the term halloysite(7~) for material with a spacing of 7 ,~. noncrystalline aluminosilicate particles having a mean diameter of about 5 um and heated at 600~ for 8 hr to decompose the acetic acid which was included as a deflocculant in both sols. The product was powdery and amorphous to X-rays.
Hydrothermal synthesis
The starting material (1 g) and distilled water (4 ml) were sealed in a 50-ml, stainless steel, nonlined Moreytype pressure vessel. The pressure vessel was held at constant temperatures from 150 ~ to 350~ (+ 2~ at intervals of 50~ The pressure was the equilibrium water pressure at the corresponding temperature. All runs above 200~ were made for 2, 4, and 8 days; runs at 150~ were made for 15, 30, 40, 50, and 62 days. After each run, the pressure vessel was quenched and the product removed and dried in an oven at 40~ for one day.
The products of 150 ~ and 200~ runs were investigated in a moist condition by X-ray powder diffraction to check for the presence of halloysite(10k). Other experiments were carried out using gold tubes and Teflon pressure vessels at 200~ Inasmuch as no essential difference was found in the results between the two types of pressure vessels, only the results obtained by the Morey-type, stainless steel pressure vessels are described below.
Analytical measurements
Two types of sample preparation were used for electron microscopic study using a JEOL-JEM 200CX electron microscope. The specimens were either dispersed on a carbon-coated microgrid or embedded in an epoxy resin, from which ultrathin sections were prepared. Chemical analyses of the products were carried out using the HITACH 700H analytical electron microscope with the analytical mode (AEM) installed at Kyoto University, based on the method described by Morimoto and Kitamura (1981) .
All products were examined by X-ray powder diffraction (XRD) method using a Simazu VD-2 diffractometer with Ni-filtered CuKa radiation. Infrared absorption (IR) spectra of the oriented specimen on Au-coated slide glass were recorded on a Simazu IR-430 spectrophotometer in the same manner as described by Kato et al. (1981 ) . Differential thermal analysis (DTA) and thermogravimetry (TGA) were carried out using a Rigaku thermoflex micro TG-DTA apparatus. The specific surface area was obtained by the N 2 gas adsorption (BET) method ofBrunauer et al. (1938) .
RESULTS
Electron microscopy
Various morphologies were observed depending on growth conditions. The most striking was a spherulitic morphology (Figure 1 ). Such spherules were observed in all products of the 150 ~ and 200~ runs and in some of the 250~ runs (Figure 2 ), but not in products of higher temperature runs. In the 150 ~ and 200~ products, spherules were formed around the periphery of noncrystalline aluminosilicate (Figure 3 ). Their size ranged from 0.1-0.6 um and increased with the duration and temperature of runs at 150 ~ and 200~ but decreased with duration of the runs at 250~ ( Figure  4 ). The electron diffraction patterns of the spherules smaller than 0.1 um across gave distinct halos, whereas those of larger spherules gave a halo of 7 A with spots. High-resolution electron microscopy ofa spherule produced well-resolved lattice images with 7-A spacings, together with stacking disorders ( Figure 5 ). The lattice images appear concentric, but closer investigation shows that they consist of radiating domains having straight lattice images. The domains are slightly inclined to each other. The domain boundaries are shown schematically in Figure 6 .
Although spherules were formed in the 250~ runs, they were slightly different from those observed in the lower temperature runs in that platy or lath-shaped kaolinite crystallites protruded from the spherules formed in 2 and 4 days duration ( Figure 2 ). Their sizes decreased as the duration increased, and after 8 days, no spherules were found. The kaolinite crystallites formed above 250~ were hexagonal and platy in habit, and their sizes increased slightly as the duration increased, but they became rounded platy or irregular platy at 350~ in runs that lasted more than 4 days. This change in the morphology of kaolinite corresponds to the transformation from kaolinite to pyrophyllite as seen on the XRD diagrams ( Figure 7) .
The spherule/plate ratios were estimated from electron micrographs, and the kaolinite/noncrystalline aluminosilicate ratios were estimated from the weight loss in TGA between 450 ~ and 600~ These data are compiled in Table 1 by assuming that all of the spherules and plates are kaolinite. The spherules increased from about 1% in the 150~ days product to about 74% in the 200~ days product, and decreased from about 21% in the 250~ days product to 0% in the 250~ -8 days product.
The above observations are summarized in Figure  8 , from which it appears that: (1) the aluminosilicate used as the starting material was noncrystalline; (2) spherules formed around the starting aluminosilicate at 1500-200~ (3) platy or lath-shaped kaolinite grew at the expense of the spherules at 250~ (4) platy or lath-shaped kaolinite formed at 3000C; and (5) To evaluate the stacking disorders in the kaolinite products, Hinckley's crystallinity indexes (Hinckley, 1963 ; intensity ratios of n o n -b a s a l reflections o f kaolinite) were calculated for each p r o d u c t (Table 1) . T h e Hinckley indexes increased as t e m p e r a t u r e increased, a n d the 150~ products appeared to be highly disordered. T h e b-axis p a r a m e t e r (8.94 ,~) calculated from 
Moist samples.
T h e X R D patterns of the products synthesized at 150~ a n d 200~ but not subsequently dried also showed the sharp 7.14-]k reflection of kaolinite a n d not the 10-/~ reflection of halloysite (10,&,) . rophyllite increased with run duration for the 350~ products.
Infrared spectroscopy
A small peak at 3450 cm -~ in the IR patterns of the products of the 150 ~ and 200~ runs was also observed by Kato et al. (1977) in b-axis disordered kaolinite and by DeKimpe et al. (1981) in synthetic disordered kaolinite. No peak was observed at 3550 cm -1 which corresponds to halloysite according to Farmer (1974) .
Thermal analysis
The D T A curves of the products showed that the endothermic peak at about 550~ increased in intensity with an increase in run length, and shifted towards higher temperature as the run temperature increased from 150 ~ to 250~ The endothermic peak at about 550~ increased with run temperature up to 3000C, but decreased for the 350~ product, for which a weak endothermic peak appears at about 700~
The slope ratios ofendothermic peak around 550~ which were proposed by Bramao et al. (1952) criterion to distinguish kaolinite from halloysite(7]k), ranged from 1.4 to 2.3, except for the 250~ products (2.8-3.3). These values fall in the kaolinite range (0.78-2.39), rather than the halloysite range (2.5-3.8). These data are consistent with electron microscopic observations and XRD data.
Specific surface area
The specific surface area of the product was approximately proportional to the percentage of the remaining noncrystalline aluminosilicate (Table 1) . The present study strongly suggests that the spherules formed between 150 ~ and 250~ are kaolinite and not halloysite, which lies within the stability field of kaolinite according to the phase diagram of Roy and Osborn (1954) . At higher run temperatures, spherulitic kaolinite became unstable and hexagonal platy kaolinite was produced. Aluminosilicate minerals with similar spherulitic morphology have been synthesized by several workers (DeKimpe et al., 1964; Rodrique et al., 1972) , although they did not identify the mineral. The starting materials and the containers were different m these studies. Our work shows that spherulitic aluminosilicate minerals can be formed, irrespective of containers or starting materials, in the A1203-SiO2-H20 system under certain hydrothermal experimental conditions.
Although the distinction among kaolinite, halloysite, and allophane is often made on the basis of their morphologies, the present results suggest that the difference in morphologies among spherulitic kaolinite, spherulitic or tubular halloysite, and spherical allophane should be studied more carefully. Table 2 summarizes the present work and the data on natural kaolinite, halloysite, and allophane. Because of a large size difference (spherulitic kaolinite is 200 times larger than allophane), there is no difficulty in distinguishing between these two spherulitic minerals. There is no problem also in distinguishing between spherulitic kaolinite and tubular halloysite because halloysite contains interlayer water, which is easily dehydrated, and the morphological changes from water-containing to dehydrated halloysite (tubular and spherical) has been studied by Kohyama et al. (1978) and K_irkman (1981) . In these studies, it was demonstrated that both tubular and spherical halloysites change their original morpholo- gies with smoothly curved surfaces to polyhedral morphologies consisting of depressed facets due to dehydration. With spherical kaolinite, such a morphological change due to dehydration was not noted. In Figure 9 , electron micrographs of dehydrated spherical haUoysite and spherical kaolinite are compared. We therefore conclude that kaolinite without interlayer water can assume a spherulitic morphology, resembling very closely spherical halloysite in appearance. R6sum6--La kaolinite sph6rique a 616 synth~tis6e pour la premiere fois ~ partir de mat6riel aluminosilicate non-cristallin dans des exp6riences hydrothermiques men6es entre 150 ~ et 250~ et sous une pression de vapeur autog~ne. Des sph6rules dont les diam~tres moyens dEpendaient des conditions de croissance (0,1-0,6 urn) ont 6t6 form6es autour de l'aluminosilicate non-cristallin dans tousles produits des exp6-riences A 150 ~ et 200~ et coexistaient avec la kaolinite en plaquettes ou en forme de lattes dans les produits des exp6riences fi 250~ Les pourcentages de sph6rules estimEs dans les produits ont augment6 d'A peu pros 1% dans le produit 150~ -15 jours ~ ~ peu prbs 74% dans le produit 200~ jours, eta diminu6 d'~ peu pros 21% dans le produit 250~ jours ~ 0% dans le produit 250~ jours. Des images de lattice par microscope 61ectronique ~ haute r6solution ont indiqu6 que les sph6rules consistaient d'empilement de couches presque concentriques avec un espacement d'unit~s de 7 A, sectionn6s par des limites radiantes. La composition chimique moyenne des sph~rules (A1203/SIO2 = 0,58) analys6e par le microscope 61ectronique analytique est semblable A celle de la kaolinite (Al:OJSiO2 = 0,5). M~me dans le cas du produit abondant en sph6rules (200~ jours), les clich6s de diffraction des rayons-X des produits mouill6s, e.g., de l'exp6rience fi 200~ jours, ont montr~ la r6flection 7,14-A (001) de la kaolinite. La r6flection 020 6tait large, indiquant l'existence d'abondants d6placements de couche (001). L'axe b (8,94 A) est darts la gamme de la kaolinite (8,93-8,94 A) . Aucun sommet d'absorption infrarouge n'a 6t6 observ~ A 3550 cm -~, ce qui corresponderait fi l'halloysite. Les proportions de courbes d'analyse diffferentielle thermique du sommet endothermique fi ~ peu pr6s 550~ (1,4-2,3) 6talent dans la gamme de la kaolinite (0,78-2,39). [D.J.] 
